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Abstract 
This work demonstrates a low cost flexible sweat patch, which consists of a reference electrode and an array of chloride selective electrodes for 
real-time monitoring chloride concentration in sweat. The chloride sensitive electrodes were made by screen printing AgCl paste on polyethylene 
terephthalate (PET) substrate. The AgCl electrodes were stable for more than a week in liquid and showed a chloride sensitivity of 57 mV per 
decade. A reference electrode (RE) was successful developed on the same patch by adding a polyhydroxyethylmethacrylate hydrogel layer on 
top of one of the AgCl electrode in the array and followed by conditioning in 3 M KCl solution. The sweat patch, which was worn on the chest 
of a test subject during an one hour treadmill exercise, was able to continuously detect the chloride ions in a small amount of sweat adsorbed in 
a gauze layer placed on top of the patch. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
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1. Introduction 
Human sweat is a complex physiological mixture, which contains different types of ions such as Na+, K+, Cl- [1,2,3] and, 
compounds such as lactate, glucose and ammonia [4,5,6]. The composition of the sweat can vary depending on human physiological 
conditions, which link to pathological diseases [7], food and dietary salt uptake, drug abuse and dehydration under heat and fitness 
conditions [4]. During fitness exercise, increasing sodium and chloride concentrations in sweat have also been identified as sign of 
dehydration. Dehydration can lead to performance loss, nausea and headaches, and even death if 10%-15% of the body weight is 
lost in fluid and not replenished [3]. Therefore monitoring of the sweat composition is a promising approach to noninvasively 
access human physiological conditions, such as hydration state and salt loss [8]. Towards wearable sensing applications, this work 
aims to develop an inexpensive and disposable generic electrochemical sensing platform on a flexible substrate for continuously 
monitoring the ionic composition of bodily fluids allowing to noninvasively access to the human physiological information [1]. As 
a first use case, a chloride patch was developed for monitoring chloride concentration in sweat. The patch consisted of an area for 
sweat collection, integrated reference electrode and an array of chloride sensitive  electrodes. In the future these electrodes can be 
modified with ion selective materials to measure other ions such as Na+ and K+. In this work, continuously monitoring the chloride 
concentration in sweat of a test subject during a hour treadmill exercise is demonstrated.                                                                          
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2. Experimental 
Chloride sensing electrodes and a reference electrode having a diameter of 1 mm (see Fig. 1) were made by screen printing 
Dupont 5876AgCl conducting paste using a DEK HORIZON O3i printer on a flexible polyethylene terephthalate (PET) A4 sheet. 
After printing, the AgCl layer was dried at 110qC for three minutes and was covered with a second and third  AgCl layer to achieve 
required thickness. Next two consecutive isolation layers were printed using DuPont 8153 insulating paste on dry AgCl electrodes 
to prevent the wires leading to the electrodes from contacting the fluid. Two layers were required to achieve a sufficient good step 
coverage on the AgCl electrodes. The integrated RE was developed on the same patch by adding an extra 
polyhydroxyethylmethacrylate hydrogel layer on top of one AgCl electrode in the array. To form the internal hydrogel electrolyte 
layer on the AgCl electrode, an O-ring (diameter of 3 mm) was glued on the AgCl electrode by using 3M Scotch Weld Epoxy 
(DP460) and dried at room temperature overnight. The internal gel-like electrolyte was made from a mixture of UV-sensitive 
hydroxyethylmethacrylate  (HEMA) and a photo initiator. The HEMA mixture was drop casted on the AgCl electrode inside the 
O-ring and was cured under UV lamp to form an pHEMA hydrogel layer for the ion selective electrode. The pHEMA hydrogel 
layer was conditioned in 3M KCl for at least 24 hours before using.  
The chloride sensitivity of the sweat patch was characterized in a series of test solutions containing 0.001, 0.01, 0.1, 1 and 3 M 
KCl concentrations versus a commercial 3 M KCl reference electrode (CRISON 5044) or an integrated reference electrode (RE). 
All chemicals used were of analytical grade.  
 
Fig. 1. Sweat patch containing an array of AgCl sensing electrodes and reference electrode. The pHEMA hydrogel layer was drop casted within an O-ring, which 
was glued on top of the reference electrode. Holes were punched through the collection area to allow the sweat to be absorbed.  
3. Results and discussion 
First chloride sensitivity of three identical AgCl electrodes on a patch shown in Fig. 1 was  determined by measuring the 
electrode potential in a series of  KCl test solutions versus the commercial RE. All AgCl electrodes showed almost identical 
potential responses and response time to the change in the chloride concentration as seen in Fig. 2a. From this figure, steady-state 
potentials of the electrodes were determined and plotted in Fig. 2b as a function of the chloride concentration. When the chloride 
concentration increased, the change in the electrode potentials linearly depended on the logarithm of the chloride ion concentration 
with a sensitivity of 57 mV/dec. Almost no difference in the chloride sensitivity of the three tested electrodes was observed 
indicating good reproducibility of the printing process. Using the same measurement setup, the potential of the AgCl electrodes 
solution were monitored in 3 M KCl versus the commercial RE to study the stability of the electrodes. After 175 hours of testing, 
the AgCl electrodes were stable with the potential drift of only 1 μV per hour.  
    The chloride sensitivity of the sweat patch was determined in the same series of the KCl test solutions versus the RE, which was 
integrated in the same patch for comparison. The changes in the AgCl electrode potential as a function of time when the KCl 
concentration changes from 3 to 0.001 M and vice versa were presented in Fig. 3a. From this figure, steady-state potentials were 
extracted and presented in Fig. 3b. It showed reproducible response to the change in the chloride ion concentration with relatively 
short response time. The patch showed a chloride sensitivity of 56 mV/dec., which is nearly identical to the sensitivity obtained 
with the commercial RE.  
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 Fig. 2. (a) Change in the electrode voltage of three identical screen printed AgCl electrodes was measured versus a commercial reference electrode as a function 
of time when the KCl concentration increases from 0.001 to 3 M; (b) The electrode voltage of three identical AgCl electrodes, which was extracted from Fig. 2a,  
depends linearly on the logarithm of the KCl concentration. The solid line is a fit through the data with a slope of 57 mV/ dec. 
Fig. 3. (a) Reversible change in the AgCl electrode voltage, which was measured versus an integrated  reference electrode fabricated on the same patch as a 
function of time when the KCl concentration changes from 3 to 0.001 M and vice versa; (b) Voltage of the AgCl electrode measured versus a commercial 
reference electrode and an integrated  reference electrode, which was extracted from Fig. 3a increases linearly with the logarithm of the chloride concentration. 
The solid line is a fit through the data with a slope of 56 mV/dec. 
For the monitoring of sweat composition, a sterile gauze was used as absorbent and was cut such that it covered the collection 
area, the sensing electrodes and reservoir besides the sensing electrodes. The patch was worn on the chest of a test subject and 
sealed to the skin using Mepore© adhesive film (obtained from Mölnlycke), where the absorbent was in direct contact with the skin 
as shown in Fig. 4a. During an one hour treadmill exercise, potential of the chloride sensor in the sweat patch was continuously 
recorded and later converted to chloride concentration using the patch calibration performed right after the exercise.  In the first 
minutes of the exercise, sweating was not induced yet, thus no potential was recorded. After approximately 12 minutes, the patch 
absorbed enough sweat such that a stable signal was obtained (see Fig. 4b). During the exercise control measurements were also 
performed by collecting sweat for 30 minutes using a patch with a sterile gauze that was centrifuged afterwards to collect the 
sample. The chloride concentration was determined four times with a commercial chloride selective electrode, Hanna HI4107 and 
the mean and standard deviation are shown in Fig. 4b. Figure 4b showed that reasonable agreement was obtained between the real-
time measurements and control measurements of sweat samples collected from the subject and analyzed off-line. The patch showed 
chloride concentration in sweat of the test subject close to 55 mM, which falls in the range reported in literature [9]. 
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                                                 (a)                                                                                                (b) 
Fig. 4. (a) The patch was worn on the chest of a test subject. A sterile gauze was used as absorbent to direct the sweat from the collection area over the sensing 
electrodes; (b) The voltages of the chloride sensor recorded during a treadmill exercise were converted to chloride concentration using the patch calibration 
performed right after the exercise.  The blue symbols represent the chloride concentration of sweat samples obtained during the exercise and analyzed off-line. 
4. Conclusions 
A flexible sweat patch consisted of a sweat collector, integrated reference electrode and an array of chloride sensitive electrodes 
made from screen printed AgCl was developed for continuously monitoring chloride concentration in sweat. The integrated 
reference electrode was successful fabricated on the same patch by adding an extra pHEMA hydrogel layer on top of one of the 
AgCl electrodes in the array. The patch showed good chloride sensitivity of 56 mV/dec. during calibration. The sweat patch was 
able to continuously detect the chloride ions in a small amount of sweat adsorbed in a gauze layer placed on top of the patch during 
an one hour treadmill exercise. Reasonable agreement was obtained between the real-time measurements and control measurements 
of sweat samples collected from the test subject and analyzed off-line. The patch showed chloride concentration in sweat of the 
test subject close to 55 mM, which falls in the range reported in literature. 
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